ABSTRACT On the basis of wireless vehicle-to-vehicle communication, this paper proposes a superior control strategy for the merging behavior of connected cruise control (CCC) considering the effect of time delays. A novel range policy that integrates the consideration of side-vehicle merging scene is established, based on which a general strategy is proposed focusing on the acceleration control and incorporating various information delays. In this portion, the time-delay effect for the plant stability and head-to-tail string stability of CCC is explored and analyzed in detail. The results demonstrate that the traffic efficiency, the driving safety, and the ride comfort of CCC vehicles can be improved by the proposed method. In addition, the sensitivity study regarding the controller gain and the platoon's connectivity structure is exploited, which is proved to be of importance for system stability.
parameters, the driver's intention to change lanes cannot be identified in time.
In this paper, we propose cruise control framework for CCC vehicles, considering the side vehicles merging behavior, the head-to-tail string stability and the delay time influences. Firstly, the merging data collected under practical driving situations is analyzed, by which the restively characteristic parameters can be selected. These parameters are converted into corresponding reference weights, a modified nonlinear range policy is introduced against the vehicles merging behavior case. And a new CCC-vehicle range policy is constructed that considering ahead vehicle and side-vehicle. Coordinated control range policy is necessary to harmonize flows and avoid collision for driver safety. A CCC controller with different type time delays, and consider integral term to eliminate the vehicle dynamics (air drag and rolling resistance) was be presented. With the corresponding design principles provided, we will prove the robustness of the proposed range policy and analyze the optimal gain parameters of the controller through stability analysis.
The remainders of this paper are organized as follows. A coordinated control range policy and a nonlinear CCC following model, are introduced in detail in Section 2. In Section 3, three scenes are employed to discuss, and we prove the head-to-tail string stability of the proposed strategy during merging process. The conclusion of this paper is in Section 4.
II. GUIDELINES FOR MANUSCRIPT PREPARATION
A heterogeneous vehicle network model is constructed with the consideration of the V2V interaction, the communication delay, the driver reaction time, as well as the human-drive merging behavior, as shown in Fig. 1 .
The red arrow denotes the direction of information flow, l n indexes the distance between vehicles, v n means the drive velocity, and s n indicates the vehicles' positions. Moreover, ξ is the sensing delay, and τ is the human reaction time. The other parameter symbols K p , K i , K v , and K a represent the gain coefficients of the controller, which will be introduced in Section 3. Note that σ i denotes the communication delay between vehicles 0 and i, caused by intermittency and packet drops in V2V communication. Under this case, the CCC vehicle (namely the white car) is assumed to be capable of monitoring its preceding vehicles' position and velocity information, thereby performing the desired responses for drive comfort and safety. Reference [35] proposes that design VOLUME 7, 2019 a link length estimator to identify the number of vehicles between a broadcast vehicle and a receiving vehicle. This article does not take this identification as a research focus. The motion of the vehicle immediately ahead can be monitored by human perception, range sensor, or V2V communication.
In this paper, an assumption is imposed for the following study, that the CCC vehicles are equipped with range sensor and can monitor the immediately ahead vehicle in real time.
A. RANGE POLICY
The range policy is adopted to guide the CCC vehicle for holding a distance dependent velocity, where velocity range v ∈ [0, v max ] and distance range h ∈ [0, ∞]. For human drivers [36] , the range policy can be presented as:
where V (h) indicates the desired velocity related to the headway h. h i,i+1 represents the distance between the vehicle i and i + 1. Two distance thresholds h st and h go are adopted here for arranging the desired velocity, respectively, whose corresponding objective velocity is 0 and v max , respectively. More intuitive illustration can be found in Fig. 2(b) . When the headway is lower or greater than a certain distance, V (h) is limited so that the appropriate safe vehicle gap can be guaranteed. Between the two distance thresholds, a monotonously increasing relationship F(h) is imposed for the sake of smoothly tracking control.
Range policy with the linear function (2) [14] , which corresponds to the constant time headway t h = (h go − h st )/v max , is shown in Fig. 2(b) . Since the gradient discontinuity of V (h) will causes the jerk discontinuity (especially when h = h st and h = h go ) and further lead to the undesirable drive comfort, a nonlinear relationship (3) including cosine function is applied for smoothing:
In this paper, all human-drive vehicles are assumed to adopt the range policy function of (3), and all vehicles are trying to maintain the uniform traffic flow equilibrium:
for i = 0, . . . , n, and the headway h i,i+1 contains the distance from the immediately ahead vehicle. Faster vehicle speed means that the relative distance between the vehicles is larger, and the larger gap is more likely to induce the driver of the side lane to change lanes. One hundred groups of side-vehicle lane change parameters are collected from the actual road environment, including vehicle speed, steering wheel angle, acceleration, and relative distance from the host CCC-vehicle, are employed to determine which one is the most characteristic. The statistical results show that most of the vehicle lateral acceleration is relatively small, which is not conducive to establish the relationship with the merging behavior. Wheel angle and lateral speed have the same changing trend, and there is no absolute correlation between longitudinal position and speed during the lane change. In addition, during the middle period for the whole lane change process, the lateral movement speed is nearly constant, which can be explained by Fig 3(a) . The middle displacement of its lateral movement track is approximately close to a straight line.
Reference [34] illustrates that the lane changing time satisfies the normal distribution, and more than 99.7% vehicles complete a lane change within 12s. In this paper, only the middle region of the lane change trajectory is focused. Fig. 3(b) statistics the lane change duration within 3m of the transverse displacement span, and more than 90% duration times is longer than 2.8s. In China, the standard lane width of four-lanes, six lanes, and eight lanes under expressway, is 2 * 7.5m, 2 * 11.25m, and 2 * 15m. Considering the duration time and lane widths, most lateral movement speed of the vehicle may be less than 1m/s during the lane changing process.
The wide of most cars are less than 1.8m, and which means the average transverse distance of vehicles in two lanes is less than 1.95m. In a single lane, there are activity areas of nearly 1m on each side of the vehicle. In order to obtain a predicted time close to 1s, the unilateral monitoring area is determined within the range of 1m in this paper. To clarify both the lateral motion of the vehicle and the trend of its motion, we select the most characteristic lateral relative distance and lateral relative velocity to establish a function of time. Then, a novel CCC vehicle range policy can be proposed:
where k = 0, . . . , n. The new distance function (7) can consider the distance from the immediately ahead vehicle, and the distance from the side-vehicle and other non-CCC vehicles in front, simultaneously. When there is no side vehicles nearby, it means that h (0,1) = h 0,1 and η = 0. As shown in Fig. 4 , yellow side-vehicle represents the human-drive vehicle who intends to merge into vehicle k and k + 1, and maintains the same constant longitudinal speed as preceding vehicles k + 1 in the target lane. Under normal circumstances, the effective distance range h k,side ∈ (l side , h k,k+1 − l side ), and extreme distance conditions do not occur. Here h k,side denotes the distance between vehicle k and side-vehicle, v sy is the lateral speed of the side-vehicle, and the lateral distance is denoted by L sy , which can be calculated by vehicle coordinate position base on the inertial navigation system. h 0,k is used to denote the distance between vehicle 0 and k, and h k,k+1 represents the distance of vehicle k and vehicle k + 1. The parameter η in the CCC range policy (8) indicates the coefficient of side-vehicle distance, which will be described in detail below.
The transverse velocity fluctuation in the middle course of lane change is small and can be considered as a fixed value. T s = L sy /v sy is arranged to remain merging time before side-vehicle merging into target lane when overlap in the longitudinal direction with the queue vehicle. The transverse velocity less than 1m/s and the monitoring area as far as 1m ensured the prediction time up to 1s. To promote the recognition effectiveness of merging behavior, some constraints are imposed:
1) With normalization constraints, the maximum value of T s is limited to 1s. Additionally, when L sy > 1m, or T s > 1m, T s is set to 1s. This means that if a side-vehicle merges into the target lane at a lateral velocity v sy = 0.5m/s within the lateral distance of 1m, T s is set less than 1s only when the horizontal distance decreases to 0.5m. 2) When v sy ≤ 0m/s, i.e., the side-vehicle is moving far away from the target lane, T s sets to 1s. When vehicles reach to a lateral position L sy ≤ 0m, the vehicle merging behavior is considered to be happened definitely and T s is set zero.
In (5), T s is a time coefficient indicating that the edge of side-vehicle reaches to the overlap, and (6) is applied to invert and smooth the time function (5) . In this situation, instantaneous remain merging time is mapping to a factor of η ∈ [0, 1] ∈ [0, 1], and η = 0 indicates that this is no merging behavior occurred, and η = 1 indicates that the merging process has been completed. In practice, there may be some vehicles that are quite close to the host vehicle, and they do not intend to change lanes. But no matter how close the distance is, as long as there is no relative velocity, the calculation of T s is set 0, that is, no merging behavior occurs. In the actual monitoring data collection, the data with the transverse velocity less than 0.1 is filtered out, and the mean value method is adopted to reduce the acquisition noise of the sensor. Now two driving conditions are considered to illustrate more intuitively, as shown in Fig.5 . One represents that the side-vehicle is approaching the target line with a fixed lateral speed v sy = 0.5m/s at the distance of L sy = 1m, as shown in Fig. 5(a) . The other is that the side-vehicle fluctuates left and right laterally with a sinusoidal lateral speed v sy = 0.2 sin(3π)m/s v = 0.2sin(3π) at the distance of L sy = 0.35m, which never entered the target lane as the black lines shown in Fig.5 (b) .
In scene (a), merging coefficient η smoothly increases as the T s linearly reduced. The coefficient T s starts to change only when L sy < 0.5m. In scene (b), the low-speed lateral sway in the near-distance, produce a small weight coefficient of η. Meanwhile, the amplitude change of η is smaller than T s , which means that the effect of lateral speed fluctuations can be buffered through the designed new range policy. Here, assume the CCC vehicle can identify the number of vehicles, even though the CCC vehicle is not receiving messages from the ith vehicle ahead. On the other hand, upper recognition system can automatically update the numbers when side-vehicle has completed the merging behavior by using other V2V information. In general, such identification is a challenging problem and is not our scope in this paper. VOLUME 7, 2019 
B. NONLINEAR CONTROL DESIGN
With the complex nonlinear features of vehicle dynamic, the integral term z 0 should be included in controller to eliminate disturbance like air-drag and the rolling resistance, which can make the system steady-state error converge to zero. Considering the single-lane configuration as shown in Fig. 1 , a nonlinear CCC controller is adopted regulate the acceleration:
where i = 1, . . .,n, and γ i = 1. Here the dot stands for differentiation with respect to time t. K * indicates the related gain coefficient for the error items in (9) . In particular, the gain γ i is set to zero when the messages from the ith vehicle ahead missing or not present. Note that K p and K v have the unit 1/s, and K i have the unit 1/s 2 . Indeed, K a is a dimensionless quantity.
It should be noted that, only the acceleration of the preceding vehicles is considered in the proposed controller, and that said, the position and speed information of the remote vehicle cannot be applied, as the acceleration information can reflect the movement trend of the vehicle. In practice, for preceding vehicles, the respective distance gaps and the speed are always inconsistent. If the controller introduces the position information of the remote vehicle, a large amount of error data will be introduced in the actual application, which will affect the control effect.
Characterizing the system dynamics with a large number of independent parameters is typically not feasible. In order to make the analysis tractable, we assume the gain factor for acceleration errors is same, namely K a = K an . In practice, there are three kinds of delay: human reaction time τ , sensing delay ξ , and communication delay σ . Generally, the human reaction time τ ≈ 0.4 − 1.5[s] and sensing delay ξ ≈ 0.1 − 0.2 [s] . Communication delays are timevarying stochastically [37] , and arise from intermittency and packet drops [38] , which are commonly deemed as
Similarly, the driving behavior of the preceding non-CCC vehicles is described by the car-following model,
where i = 1, . . .,n. For simplicity, all drivers are considered as identical and all the non-CCC vehicles use the same carfollowing model. Based on the controller and range policy, the CCC vehicle intends to keep a velocity dependent distance from the vehicle ahead. Thus, when the vehicles ahead travel with a constant velocity v * and a constant headway h * simultaneously, the CCC vehicle can reach its desired equilibrium
. Similarly, there also exists an equilibrium z * , and the perturbations can be defined as:
for i = 0, . . .,n, and linearize (9, 10), this yields:
for the CCC vehicle, anḋ
for the non-CCC vehicle, i = 1, . . . , n. Here f * = V (h * ) is the derivative of the range policy (1) at the equilibrium of h = h * , and the corresponding time headway is t h = 1/f * . In practice, the equilibrium status is determined by the velocity of the head vehicle, and a larger value of f * produces more aggressive car-following behaviors, which makes it more difficult to maintain uniform traffic flow. String stability is achieved when velocity fluctuations are attenuated as they propagate upstream [39] . The scenario with the worst stability, i.e., h * = 20m and v * = V (h * ) = 15 m/s, is presented as an example for description and analysis. Under this scenario, the largest derivative f * = π/2 [1/s] and the smallest equilibrium time headway t h ≈ 0.6 s are obtained. Based on the highway traffic data [36] , v max = 30 m/s, h st = 5 m and h go = 35m are used in this paper.
Build a head-to-tail transfer function, and considerṽ n as the input andṽ 0 as the output. After Laplace transform of system (12) and (13) under zero initial condition, the headto-tail transfer function can be obtained:
for the non-CCC vehicle (i = 1, . . . n), and
for the CCC vehicle (i = 1, . . . n, i > k ).Ṽ i (s) denotes the Laplace transform ofṽ i (s), and
In the following, the control system stability, including the plant stability and the string stability, will be illustrated with comprehensive analysis.
III. LINEAR STABILITY ANALYSIS AND STABILITY CHARTS
In this section, plant stability and head-to-tail string stability of CCC vehicle are analyzed according to the head-to-tail transfer function (14) . In particular, the domains of stability charts in the different parameter space (K p , K i , K v , K a , σ , and ξ ) are described. Plant stability means that the leader is driving with constant speed and the CCC vehicle can reach this speed. String stability means that the speed fluctuations of leader vehicle can be attenuated during transfer backward [20] , [22] .
To realize plant stability, the poles of the controller (15) have to be located in the left-half complex plane. That said, by substituting ±j
It can be observed that the characteristic equation D i (s) does not contain the coefficient of K a . This is because the acceleration feedback has no relationship with the plant stability in this simple model. From (17) , the plant stability boundaries related to control parameters can be gained and illustrated in the (
In the following, the string stability analysis is performed according to the head-to-tail transfer function. A disturbance with frequency ω from the head vehicle will be amplified by the ratio of 0,i (jω) , when disturbance reaches the tail vehicle. Thus, the necessary and sufficient condition for headto-tail string stability are given by
For head-to-tail string stability boundary, 0,i (jω) = 1 and the stability boundary is given by the equations : (19) where ω cr is the critical frequency that the maximum occurs. Note that 0,i (jω) < 1 also depends on the system parameters K p , K i , K v , K a , σ , ξ , and τ . Here the control coefficients are imposed to be same with previous. By solving (19) , the head-to-tail string stability boundaries are gained. Since it is impossible to solve it analytically, the continuation package DDE-BIFTOOL [40] of MATLAB is employed to obtain numerical solutions with differently critical frequency ω cr . 
A. STABILITY DIAGRAMS FOR S 1
In this portion, the stability for plant and string are discussed in depth under the cases of monitoring different numbers of vehicles ahead. For discussion, the schematic diagram of different communication topologies is shown in Fig.6 . In the scene 1 (S 1 ), the CCC vehicle receives acceleration signals from the vehicle immediately ahead only, and the corresponding characteristic equation is,
Solving (20) with fixed value K i , the plant stability boundary can be presented in parametric form: Fig.7 (a) shows the corresponding plant stability boundary regarding (21) , where the red solid curve, composed of the light and dark grey areas, for K i = 0.5 and ξ = 0.2s. It has been proved that plant stability is guaranteed if the zeros and poles are restricted in this enveloping area [41] . Simultaneously, the corresponding critical frequency (red curve) increases along the boundary with K v = 0.5, as shown in Fig. 7(b) . The low and high frequency oscillations correspond to the lower and upper part of the plant stability boundary respectively. Points A to C are marked to show how the plant stability changes when crossing the plant stability boundary, and the leading eigenvalues in the complex plane are plotted in Fig. 7 (e)-7(g), respectively. A pair of complex conjugate roots crosses the imaginary axis at ±i, when moving from point A to point C.
From (14) , the head-to-tail transfer function of S 1 can be furnished,
Without considering the acceleration term, the head-to-tail transfer function of S 1 is shown as: which is similar to the non-CCC vehicle transfer function (14) , except the different delay parameters.
Reference [42] verified that string stability is unachievable for any selection of parameters when the driver response delay τ > t h /2 (≈ 0.325s), using the same non-CCC vehicle following model. For simplicity and calculation, the following equivalent form of (18) is used:
and substituting (22) into (24) leads to
The meaning of (24) is that the satisfied ω needs to be positive and make P(ω) < 0 for any selection of other parameters. If P(ω) reaches its maximum at ω cr = 0, from (25) , then the stability condition (24) satisfied to K i > 0 and K p > 0. According to (19) , (22) , and (24), Fig.7 (a) plots the string stability area of scene S 1 , which is filled with dark grey and enclosed by the blue curve. The configuration of relevant parameters is K i = 0.5, K a = 0.5, ξ = 0.2s and σ = 0.15s. Points D-F, which cross the string stability area and are on the same vertical line as points A-C, are also marked. Points D and F are on the upper and lower edges of the boundary, respectively. The critical frequency ω cr corresponding to the string stability boundary is plotted in Fig. 7(b) . Bode plots of points A-F are depicted in Fig. 7(c) . From the points C to A in Fig. 7(a) and Fig. 7(c) , it can be seen that as K p increases, the corresponding critical frequency (the X-axis value of the first intersection between | (jω)| = 1 and corresponding curve) increases as well. Curve E shows a string stable scenario where 0,i (jω) 2 < 1 for ∀ω > 0. On the other hand, when crossing the boundary with ω cr > 0, curve D and curve F show the marginal string stability, implying string instability for low frequencies in point F. Similarly, the plant stability boundary in parametric form for the fixed parameter K v is:
The plant and string stability boundaries in the (K p , K i )-plane are plot in Fig. 7(d) , with the fixed values, K v = 0.5, K a = 0.5, ξ = 0.2s, and σ = 0.15s. The critical frequencies and ω cr corresponding to the stability boundary are plotted in Fig. 7(h) .
In the following, the effects of different parameters on the stability will be discussed. When every packet is delivered, DSRC communication has the average communication delay σ = 0.15s [43] . The plant stability boundary (red solid curve) and the string stability boundary (blue solid curve) in the (K p , K v )-plane for different values of K a when ξ = 0.25s and K i = 0.2 are depicted in Fig. 8 . Parameter value K a = 0 means that there is no acceleration feedback, which is similar to the human driver model, and thus, the sensing delay here is equivalent to the driver response time. The delays ξ = 0.25s or τ = 0.25s are close to the upper limit of the critical delay of human driver model, and lead to a smaller string stability boundary area. As can be seen from the figure, the presence of acceleration feedback delay can increase the Fig. 7(a) . string stability robustness, but excessive gain will reduce the stability area.
The stability charts in the (K p , K a )-plane for different delay values of ξ and σ , when K i and K v are both fixed as 0.5, are shown in Fig. 9 . The string stability boundaries are plotted as blue curves enclosing the gray string stable area. Any gain parameters falling in the gray stable area can guarantee the string stability for any positive disturbance frequency.
As can be seen from Fig. 9 (a1)-9(a4), the string stable area shrinks significantly when realistic sensing delay time ξ is greater than 0.35s, which means that no combination of parameters can satisfy the string stability, though the CCC vehicle can receive acceleration from the vehicle immediately ahead. It is obvious from Fig. 9 that the stability area becomes smaller under any communication delay when the sensing delay time increases, and the stability area boundary gradually shrinks towards the K a = 0.5 line attachment.
The stability charts in the (K p , K a )-plane for different values of the communication delay σ , when K v = 0.5, ξ = 0.35s and K i equals to 0.2 or 0.5, are depicted in Fig. 10 . It can be seen that after changing the value of K i , the stable region still shrinks towards the red dotted line K a = 0.5 attachment as the communication delay increases. Therefore, the string stability can be easier to maintain when choosing K a = 0.5, which is more applicable.
The stability area increases first and then decreases when the communication delay σ increases from 0s to 0.4s, despite the value of K i as 0.2 or 0.5. In this case, string stability boundary increases significantly when using appropriately designed communication delay, which means the critical sensing delay time ξ increases. This indicates a necessity of designing the communication delay σ when using acceleration feedback, instead of treating the communication delay σ as system limitations. Normally, the drive delay is fixed and the value is small. The V2V communication delay may change with time. Thus, its effect on the stability of the host vehicle is also time-varying and difficult to quantify. From  Fig 8 and Fig 9, it can be seen that the queue still achieves stability even when the controller has a certain communication delay and a small drive delay. Moreover, the corresponding stable area with K i = 0.2 is larger than that with K i = 0.5, demonstrating the stability area will shrink for higher value of K i . In order to expand the stable range of the parameters, K i is preferred to be set around 0.2.
For scene S 1 , considering a head vehicle driven by a human driver, and perform simulations for the configuration with K p = 1, K i = 0.2, K v = 0.5, K a = 0.5, and σ = 0.15s, ξ = 0.1s. Fig. 11 depicts the different velocity responses of the CCC vehicle when the head vehicle (black dotted curve in Fig. 11(a) and 11(b) , v * = 15 m/s or v * = 25m/s suffers from a periodic perturbation with frequency ω = 1rad/s and amplitude | v| = 1 m/s. Red curve in Fig. 11(a) and blue curve in Fig. 11(b) show the following velocity of the CCC vehicle under low and high speed scenarios respectively. Fig. 11(c) To demonstrate superiority of the proposed range policy for CCC vehicle in (8) , considering a situation where a sidevehicle merges into the clearance under the situation shown in Fig. 12(a) . In the actual simulation process, T s is set as 3L sy /2v sy and the maximum warning time is increase to 1.5s. Fig. 13 shows the factor η, velocity, acceleration and headway responses when the side-vehicle merges into the platoon suddenly. In the process of the side-vehicle approaching the target lane, the coefficient η stays to be zero until the lateral distance L sy decrease to 0.5m, as shown in Fig. 13(a) . In Fig. 13(b, c, d ), red solid curve represents the responses of CCC vehicle under range policy (8) , blue solid curve represents the responses of CCC vehicle under range policy (3), which recognizes the inserting side-vehicle as the following target vehicle only when the lateral distance between the sides of the side-vehicle and host vehicle (denoted as L sy in Fig. 4) decreases to zeros.
Result shows that the CCC vehicle will brake down and change the headway from the lead vehicle in advance when the new rang policy is adopted. This caters more to the realistic situation as it is natural for the driver to brake at the sight of the side-vehicle's steering taillights. Benefited from the proposed strategy, the velocity fluctuation of the CCC vehicle is suppressed as red curve in Fig. 13(b) . In addition, it is obvious from the red curve in Fig.13(c) that the braking is smoother compared with the blue curve using the traditional range policy of (3) . In order to make the simulation of the vehicle driving process more realistic, In order to the simulation of the vehicle driving process more realistic, the vehicle acceleration range is limited between −6m/s 2 and 3m/s 2 . Early braking can improve the safety of driving and smooth braking can improve the ride comfort. Fig. 13(d) shows that the CCC vehicle can reach a new equilibrium distance (red curve in Fig. 13(d) ) faster than the traditional range policy (3) . These simulation results demonstrate that the range policy considering the merging behavior of the side-vehicle can improve the string stability of vehicle platoon, and such improvements are beneficial for driving safety.
B. STABILITY DIAGRAMS FOR S N
In this section, a conservative case where all vehicles (except the tail CCC vehicle) are driven by human drivers for scene S 2 and S 3 are considered. The head-to-tail transfer functions as follows:
It can be seen that the plant stability is only related to G n−1 (s) * H (s), and the (16) 
smaller time delay can completely surround that corresponding to a larger one. Therefore, the plant stability boundary corresponding to the larger time delay can be regarded as the overall plant stability boundary.
For different values of communication delay σ and human reaction time τ , the stability diagrams for S 2 and S 3 in (K p , K v )-plane are shown in Fig. 15 , with K a = 0.5, K i = 0.2, σ = 0.15 s and ξ = 0.1 s. Red solid curve indicates the plant stability boundary, and the string stability boundaries are depicted by the other color (blue, yellow, and dark yellow). The stability diagrams for S 2 and S 3 imply that the CCC vehicle can achieve the head-to-tail string stability in the platoon containing more than one vehicle ahead and the velocity disturbance of the head vehicle will not be amplified in the cruising process. As the human reaction time τ increases, the head-to-tail string stable domain sharply decreases. Therefore, it is better to have fewer human-driven vehicles in the communication chain. Since the head-to-tail string stability boundary is significantly influenced by the link length, the link length should be limited to maintain the string stability. In actual highway traffic flow, the distance between adjacent vehicles in the same lane can reach 30m (not including the vehicle length), when the vehicle speed exceeds 100km/h and range policy (3) is used. In addition, the effective V2V transmission distance is within 200m [44] , thus the acceleration information of remote vehicles beyond the V2V transmission scope has little reference value. Therefore, we did not analyze the stability effects of more vehicles.
Similarly, simulations with merging behavior under the scene of S 2 and S 3 are conducted and shown in Fig. 12(b) and 12(c), with parameters
15 s, and ξ = 0.1 s. Assuming that the side-vehicle have the same cut-in state as shown in Fig. 12(a) . In the following, setting the human reaction time τ = 0.4s, larger than the critical delay, which implies that human drivers typically cannot maintain string stability in the mid-headway range. Fig. 16 (a) and 16(d) depict normal queue following state of S 2 and S 3 , the head vehicle (black dotted curve) applies a periodic perturbation with frequency ω = 1rad/s and amplitude | v| = 1 m/s. The green curve (tail car) represents the effect of CCC vehicles following the platoon vehicle. Fig. 16(b) and 16(e) depict the speed response of the vehicle in the platoon when the side-vehicle merging into the target lane, the red curve represents the velocity of CCC vehicles using range policy (8) , the blue curve represents the velocity of CCC vehicles using range policy (3), and other colored lines represent additional vehicles inside the platoon. Fig. 16 (c) and 16(f) depict the distance between CCC vehicles and the side-vehicle of two scenarios. Fig. 16 (a) and 16(d) show that the CCC vehicle (green curve) can attenuate the disturbance (red and blue curve) caused by the human driver's reaction delay. Fig 16(b) and 16(e) show that the CCC vehicle (red curve) can be braked down and change the headway from the lead vehicle in advance, and achieve the final stable balance with smaller speed fluctuations by adapting range policy with side-vehicle merging behavior. At the same time, it can be seen from Fig. 16 (e) and 16(d) that more human drivers will lead to greater speed fluctuations of backward transmission and longer fluctuation time. Fig. 16(c) and 16(f) show that under the two range policy, CCC vehicle can both reach the equilibrium state.
C. EXPERIMENT PLATFORM AND RESULTS
As shown in Fig. 17 , the experimental platforms are built based on two electric vehicles. Due to the limited number of test vehicles and equipment, we just set up a queue test for two cars, and the experiments and tests are carried out in low-speed situation within the campus environment. The Cohda Wireless MK5 OBU module is adopted in both cars for vehicle-to-vehicle communication, and the fusion forward vision system is installed on the host vehicle for target snap. Both vehicles are equipped with the NAV-982 inertial navigation system. The host vehicle realizes CAN bus control through electronic control modification. To simplify the nonlinear effects of the motor, retarder, tire and wind resistance, the vehicle dynamic response characteristics are simplified to the inverse dynamic model. Fig. 18 shows the relationship of throttle and brake pressure mapping to different speed and acceleration pairs, thus the control signals can be obtained by searching the map with expected acceleration of (9) .
To avoid frequently accelerating and decelerating switching when driving at a constant speed, we tested the taxi acceleration at different vehicle speeds and appropriately relaxed the acceleration control interval when the vehicle was at a constant speed, as shown in Fig. 19 .
Due to the limited number of test vehicles and equipment, a queue with two cars is established. Besides, in order to accurately control the motion state of the side-vehicle, kinematic model is employed to simulate the real side-vehicle merging behavior, which makes it capable for simultaneously triggering and can facilitate the comparison test by setting the same side behavior state.
Since the target captured by the visual system is the original scatter target, we determine the effectiveness of the vehicle target in the road based on the slide-window detector. Fig. 20(a) shows the right-turning target vehicle (red box) monitored by the visual system. Fig. 20(b) shows the relative longitudinal velocity and distance of the target after filtering. As can be seen from the figure, the calculated distance data is less noisy, and the relative lateral distance gradually increases with the right transition of the target vehicle. The target vehicle gradually disappears into the field of view at a distance of 7m in the longitudinal direction and 2.5m in the lateral direction of the axle. The monitoring strategy in this paper only considers the lateral distance within 1m of the vehicle's edge. It can be considered that the vision system can accurately obtain the target information. Based on the design and analysis of the controller mentioned above, this paper carries out the following real vehicle experiments: (1) the host vehicle follows the preceding vehicle without using acceleration information, (2) using acceleration signal, and (3) using acceleration information together with side-vehicle merging behavior. The preceding vehicle is driven by an experienced driver, while the host vehicle is controlled by our designed controller. The time synchronization between two vehicles is realized by adding delay in the controller. The sensor delay of our vehicle is a constant value, and the V2V equipment has a universal average delay value of 0.15s. The controller parameters are consistent with the simulation parameters of Fig. 11 , with
15 s, and ξ = 0.1 s. The corresponding speed response curves are drawn in Fig. 21(a), 21(b), and 21(c) . Fig. 21(a) shows the speed fluctuation of the host vehicle. Fluctuation is amplified when the host vehicle follows the leading vehicle. Fig. 21(b) shows the speed curve of the host vehicle and the preceding vehicle considering acceleration information. We can see that the host vehicle can quickly respond to the speed change of the preceding vehicle and maintain the speed consistency of the host vehicle speed. The speed fluctuation transmitted to the host vehicle is not amplified, which can ensure the stability of the queue. From the two pictures, it can be observed that the speed change response will lag behind the previous car because of the communication delay and the driving delay. Using acceleration information can improve the stability of the queue. No matter VOLUME 7, 2019 whether acceleration information is used or not, the controller can ensure the plant stability of the vehicle, and the host vehicle can reach the balance speed of the preceding vehicle. Using acceleration information can improve the stability of the queue.
By comparing the theoretical simulation with the real vehicle test, it is found that the following effect of the real vehicle is the same as the predicted trend, but with a larger control error. Because the driving delay and communication delay are both constant values in the theoretical analysis, while in the case of real vehicle control, the driving delay is a first-order inertia delay link and the communication delay varies in a small range. The added acceleration mode judgment is also one of the reasons that can affect the following error. Fig. 21(c) shows the speed curve of the host vehicle when the side-vehicle appears. The dotted line indicates the starting point of the system when consider the lateral behavior of the side-vehicle. Result shows that the host vehicle can follow the preceding vehicle's driving speed well in these two test cases, and considering the side-vehicle merging process ensures that the host vehicle decelerates in advance, and the speed change is smaller. Test results are in good agreement with the simulation results. It proves that the CCC strategy mentioned in this paper can achieve earlier, faster and more accurate response in the case of side-vehicle merging process, ensuring the stability and security of the vehicle queue.
IV. CONCLUSION
In this paper, a new policy considering the side-vehicle merging behavior that is frequently happening at high speed driving queue is proposed. By designing and applying the new nonlinear range policy, the driving safety and riding comfort can be significantly improved when the side-vehicle merging behavior suddenly occurs.
The controller and follow-up strategy designed in this paper can ensure the existence of uniform flow equilibrium in the entire velocity range, in particular at the linear level. Transfer functions is used to evaluate the dynamics and convert the algebraic stability conditions into stability charts that allow designers to choose the control gains, make sure that the controller can attenuate with any preceding vehicle speed fluctuations that occur. Using the acceleration information of the preceding vehicle can significantly improve the stability of the queue. In addition, we also demonstrated that the gain of the acceleration feedback shall be preferred around 0.5, which is more widely used. In these surrounded domains the system showed string stable behavior for the ahead velocity perturbations, that is, perturbations decayed as they propagated backward along the chain of vehicles. The existence of proper communication delay is conducive to the improvement of stability, and human reaction time or sensing delay will reduce the string stability region. We also proved that increasing the number of CCC vehicles may provide a more stable follow effect, and can attenuating the speed fluctuations generated by human drivers more faster.
In the future, the optimization of acceleration gains for different link lengths and heterogeneity raised by non-identical human reaction time would be our next work, and set different communication delays for more real-world comparison experiments. Furthermore, it is also necessary to consider the influence of the sensor error of other vehicles on the stability of the host vehicle. 
